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Abstract We report here a novel case of amyloid-like aggrega-
tion of a plant protein. A sweet-tasting protein, monellin,
experiences an irreversible heat denaturation at pH 2.5 and
85‡C. Addition of 100 mM NaCl couples this process with
protein aggregation. The aggregates were structured as regular
fibers with V10 nm width and capable of binding to Congo red,
similarly to well-known amyloid fibrils. The amyloid-like
aggregation process was also successfully monitored with a
calorimetric method. This work supports the universality of the
amyloid-like aggregation, not restricted to some special cate-
gories of protein.
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1. Introduction.
For biophysicists who study conformational changes of
protein, protein aggregation has been an artifact disturbing
their thermodynamic analyses. However, this situation has
largely been changed recently, since it is becoming evident
that deposit of aggregates of denatured proteins or peptides
to biological tissues is often correlated with pathology of im-
portant human diseases [1^3]. Structures of the amyloid-like
aggregates of L-amyloid, huntingtin, immunoglobulin light
chain, lysozyme, islet amyloid polypeptide, transthyretin, etc.
[4^13], and mechanisms of their formation are now one of the
most attractive subjects of biochemical and biophysical re-
searches [14^16].
On the other hand, protein aggregation is a general phe-
nomenon observed widely in proteins [14,17], and most of
them do not exhibit amyloid-like ¢brous aggregation but
form an amorphous mass of denatured proteins. For system-
atic understanding of the mechanisms of amyloid-like aggre-
gation, we should answer the question as to what are the
common mechanisms that induce amorphous and ¢brous ag-
gregations while what makes a branch to the ordered ¢brous
aggregation. A further question should also be asked: what is
the proper de¢nition of an ‘amyloid’ ¢ber to make distinction
between amyloid and other ¢brous aggregates in a more gen-
eral sense, which may also include pathologically important
cases such as the ¢brous aggregates of tau protein [18,19]. As
a prerequisite to access to these questions, we should enumer-
ate (ideally all) the possible physical processes that result in
¢brous aggregates, among which we should adequately posi-
tion the pathological cases. Previous investigations have sug-
gested that amyloid ¢bril is formed via a partially unfolded
state of protein [7,14,15], resulting in a cross-L-¢ber structure,
with L-strands perpendicular and L-sheets parallel to the ¢ber
axis [10,20]. However, insights obtained only from some spe-
cial cases often lead to misunderstanding or oversimpli¢ca-
tion. Recently it was found that non-pathogenic proteins
SH3 domain [21] and acylphosphatase [22] also form amy-
loid-like aggregates, but such cases are still very rare. In this
context, research to ¢nd out ¢brous aggregation phenomena
in a much wider range of protein species is of importance.
This report intends to contribute to this point, and to support
a view that amyloid-like ¢brous aggregation is a universal
phenomenon not restricted to some special categories of pro-
tein [21,22].
We are concerned here with a plant protein, monellin, iso-
lated from the fruit of the tropical berry Dioscoreophyllum
cumminsii [23,24]. It is a sweet-tasting protein composed of
two subunits, one being 45 residues (A chain) and the other
being 50 residues (B chain) [25]. X-ray and NMR methods
have resolved the structure of monellin with four anti-parallel
L-sheets and one K-helix [26,27]. The protein is very stable
against acidi¢cation of solution, but undergoes heat and
chemical denaturation rather easily [28^34]. The denaturation
processes are often irreversible [28,29], and the tendency sug-
gests that the system may be useful for studying protein ag-
gregation phenomena. Our e¡orts were focused on searching
for ¢brous aggregation of this protein formed in the heat-
denatured state. The purpose was partly motivated by the L-
sheet propensity of monellin found in the native state because
the amyloid formation is often related to or formed into L-
structures [20]. We have succeeded in obtaining amyloid-like
aggregates of monellin as expected, using sodium chloride as
an additive. A common requirement for biophysical re-
searches of protein aggregation and amyloid is applicability
of many complementary measurements to gain su⁄cient res-
olution of the phenomenon. In this report, we employed cir-
cular dichroism (CD) spectroscopy, gel chromatography, a
dye binding, calorimetry and transmission electron micros-
copy (TEM). Calorimetry especially was found to be very
useful to follow the ¢brous aggregation as a function of
time and give direct estimates of the heat of the aggregation
process.
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2. Materials and methods
2.1. Materials
Monellin was purchased from Sigma (USA) and was puri¢ed as
described by Fan et al. [33]. Other chemicals were of reagent grade
and were purchased from Nacalai Tesque (Kyoto, Japan). All the
sample solutions contained 10 mM glycine (pH 2.5), pH being ad-
justed carefully with small amounts of HCl. The oncentration of
monellin was determined using the extinction coe⁄cient
O277 = 1.46U104 M31 cm31 [34]. The concentration was 3 mg/ml mon-
ellin for all the experiments except for absorption measurements of
Congo red. Heat treatment of the sample was done by incubating a
sample tube in a dry incubator at 85‡C. All the heat-treated samples
were recovered at 25‡C for 24 h.
2.2. CD measurements
CD spectra were measured with a Jasco J-720 WI spectropolarim-
eter (Jasco, Japan) using quartz cells with a light path of 0.1 or 1 mm.
The temperature of the solutions was controlled by a JASCO temper-
ature controller within þ 0.1‡C.
2.3. Size exclusion chromatography
Size exclusion chromatography was performed using the SMART
system with an S-200 column (Pharmacia, Sweden). Equilibrium and
elution bu¡ers were composed of 10 mM glycine (pH 2.5) and 100
mM NaCl. The temperature of the column was kept at 25‡C and the
£ow rate of the bu¡er was 60 Wl/min. 15 Wl of monellin solution was
applied and the chromatogram was monitored by absorption at 280
nm.
2.4. Transmission electron microscopy
Electron micrographs of aggregates of monellin were taken with a
JEM-1200EX electron microscope (JEOL, Japan) operated at 100 kV,
at a magni¢cation of U40 000. The heat-treated monellin samples
were applied to carbon grids and stained with 2% uranyl acetate.
The images were recorded through a 2kU2k slow scan CCD camera
(Gatan, USA) and saved on a PC computer.
2.5. Absorption spectra of Congo red
Monellin solutions (3 mg/ml, 10 mM glycine, 100 mM NaCl, pH
2.5) with and without heating were diluted 25 times with a dilution
bu¡er (20 mM Na phosphate, 50 mM NaCl, pH 7.5) containing also
Congo red. The ¢nal concentration of Congo red was 10 WM. Ab-
sorption spectra were taken with a U-3300 spectrophotometer (Hita-
chi, Japan).
2.6. Calorimetric measurements
The speci¢c heat of monellin solutions was measured with a VP-
DSC calorimeter (Microcal, USA) operated in the isothermal mode.
1 ml of sample was applied in the cell. The temperature of the cell was
kept at 85‡C and the data were collected every 10 s for 3 h.
3. Results and discussion
3.1. Heat denaturation of monellin
Detailed descriptions of the heat denaturation process of
monellin in the reversible aspect will be given elsewhere (Kon-
no, in preparation). We brie£y summarize here them without
showing data. Far- and near-ultraviolet CD spectroscopy
have found that monellin at pH 2.5 in water loses its secon-
dary and tertiary structures concurrently and cooperatively in
a temperature range of 40^60‡C. Addition of NaCl up to 100
mM did not a¡ect the transition curves or the CD spectra in
the native and the heat-denatured states, indicating that the
salt induces no intermediate of denaturation and does not
alter the structure of the heat-denatured state itself. 1H nu-
clear magnetic resonance (NMR) spectra and solution X-ray
scattering (SAXS) pro¢les of the heat-denatured monellin had
patterns typical for highly denatured proteins with a £exible
random-chain-like conformation. The folding rate of monellin
from the heat-denatured state after the temperature jump de-
pends strongly on the protein concentration, meaning that
monellin in the heat-denatured state is dissociated into A
and B chains.
3.2. Irreversible heat denaturation and aggregation of monellin
It has been claimed that the wild-type monellin at acidic pH
is heat-denatured irreversibly [28]. However, if the heating
time is short enough with a high concentration of protein
and a long recovery time at ambient temperature, the heat
denaturation as monitored by CD, 1H NMR spectra and
sweet taste was reversible almost completely. A heating time
longer than 1 h was necessary to achieve signi¢cant irrever-
sible changes of the CD spectrum in the condition without
NaCl used here (pH 2.5, 3 mg/ml protein, heated at 85‡C,
recovery time 24 h). Fig. 1A shows changes of the CD spectra
caused by incubation at pH 2.5 and 85‡C for 3 h in 0 and 100
mM NaCl. Both spectra after the heat treatment have inter-
mediate shapes as compared with those of the native (Fig. 1A,
bold solid line) and the heat-denatured states (half-dotted
line). Our present interest is in these irreversible denaturation
processes. At a concentration of 3 mg/ml of monellin, protein
gel or large aggregates were not observed even after heating
for 3 h. The irreversible changes monitored by [a] at 210 nm
are shown in Fig. 1B. In the presence of 100 mM NaCl, the [a]
value started to increase quickly and saturated at around 3 h
of heating time while the change in [a]210nm of the sample
without NaCl came up more slowly. Increasing the heating
time to longer than 3 h further altered the CD spectra in both
Fig. 1. A: Far-ultraviolet CD spectra of monellin (3 mg/ml) at pH
2.5 and 25‡C. Bold solid line: no heating. Dotted line: heating at
85‡C for 3 h without NaCl. Thin solid line: heating for 3 h in 100
mM NaCl. Half-dotted line: a spectrum of the heat-denatured state
taken at 85‡C. B: Changes in [a] at 210 nm as a function of the
heat incubation time.
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0 and 100 mM NaCl, although the events in this range are out
of interest for the present.
To see whether the irreversible heat denaturation of mon-
ellin is coupled with protein aggregation, the samples before
and after heating were applied to S-200 gel chromatography.
The chromatogram of the sample without heating has a clear
peak at a retention time of V33 min (Fig. 2, bold solid line),
and no change was observed even when the sample was in 100
mM NaCl if heating was not applied (data not shown). Using
molecular weight standards, we identi¢ed that this main peak
corresponds toV10 kDa and is probably to be assigned to an
isolated monellin molecule (molecular weight of monel-
lin = 10 700 [24]). When the sample was heated for 3 h at
85‡C, the area of the main peak decreased and smaller broad
peaks appeared behind the main peak (Fig. 2). The reduction
of the area of the main peak was more prominent for the
sample with 100 mM NaCl than that without the salt (Fig.
2). The smaller peaks plausibly correspond to the A and B
chains of monellin dissociated by denaturation or some hy-
drolyzed products, and indicate that some parts of the irre-
versibly denatured population did not form aggregates. Out-
side the range of 20^60 min, no peak was observed. The inset
of Fig. 2 shows pro¢les that integrate the corresponding chro-
matograms in the main panel. The dotted line in the inset
shows that the total amount of peptide components passing
through the gel column was only marginally (V4% of total)
reduced by the heat treatment in the absence of NaCl. On the
other hand, 20% of the total could not pass through when the
sample was heated in the presence of 100 mM NaCl, which
indicates that aggregates larger than the pore size of the gel
matrix were formed in this condition. It seems that the irre-
versible heat denaturation of monellin is accompanied by pro-
tein aggregation especially in the presence of NaCl. In fact,
with a higher protein concentration (e.g. 10 mg/ml), we ob-
served visible aggregates after heating but only in the presence
of NaCl.
3.3. Amyloid-like aggregates of monellin
Morphological characterization of aggregates of monellin in
100 mM NaCl was performed by TEM. A negatively stained
image of the samples after heating for more than 1 h showed
many ¢brous components (Fig. 3 for 3 h heating). However,
this ¢brous aggregate was not seen without adding NaCl or
the heat treatment. This means that the ¢ber was formed by
assembling the heat-denatured monellin molecules, and was
speci¢cally induced by NaCl. The ¢ber is solid and uniform
with V10 nm width, and this morphology is similar to that
observed for amyloid ¢brils [4^13]. We have also measured
di¡erence absorption spectra of Congo red in the monellin
solution with 0 and 100 mM NaCl after heating for 3 h (the
spectrum of the same sample without heating was subtracted).
The spectra showed a clear peak at 532 nm especially with 100
mM NaCl (Fig. 4), indicating that the dye binds to the ag-
gregates of monellin similarly to the case of amyloid ¢brils [1].
Fig. 2. S-200 size exclusion chromatograms. heating (3) or (+): no
heating or heating for 3 h at 85‡C. NaCl (3) or (+): 0 or 100 mM
NaCl. Inset: Integration of the chromatograms. Each plot in the in-
set corresponds to that of the same line type in the main panel.
Fig. 3. A negatively stained TEM image of monellin after heating
for 3 h at 85‡C in 100 mM NaCl.
Fig. 4. Di¡erence absorption spectra of Congo red in the monellin
solutions with 0 and 100 mM NaCl after heating for 3 h (the spec-
trum of the same sample without heating was subtracted as a refer-
ence).
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3.4. Calorimetric analysis of aggregation
Since the protein aggregation should bury a fraction of the
hydrophobic surface area of the denatured protein into the
protein matrix and then probably reduces the heat capacity of
the solution, we expect to observe heat generation along with
this process. Measurements of the heat by a calorimetric
method will allow us to monitor the ¢brous aggregation proc-
ess quantitatively. In addition, the calorimetric method is the
only way to obtain direct estimates of the thermodynamic
parameters of the process, whose quantities must play essen-
tial roles in a detailed consideration of the mechanisms of
protein-protein interaction [35]. However, this technique has
not very often been applied to the amyloid formation process,
probably because of technical reasons. We could overcome
the di⁄culty rather easily because the aggregation process of
monellin was well controlled by heat as well as an additive
(NaCl). The rate of the process also falls in a range optimal
for the measurements (completed within several hours). More-
over, monellin in the present condition does not form large
aggregates or gel, which would disturb the calorimetric meas-
urement very much.
We measured the speci¢c heat necessary to keep the temper-
ature (85‡C) of the sample solutions as a function of incuba-
tion time. The trace for the sample without protein in Fig. 5 is
almost constant and indicates that no reaction generated or
absorbed heat. When no protein was added, the trace for the
bu¡er with 100 mM NaCl was almost identical to that with-
out the salt (data not shown). On the other hand, addition of
monellin to the sample changed the shape of the trace,
although this change was much less for the sample without
NaCl (Fig. 5). In the presence of 100 mM NaCl, the trace was
clearly inclining and showed that reactions generating heat
proceeded as expected (Fig. 5, thin solid line). Since the un-
folding rate of monellin at 85‡C is fast (half decay of less than
a few seconds), no unfolding process contributed to this trace
of heat. The requirement of NaCl for the larger heat gener-
ation (Fig. 5) indicates that the heat generating reaction is
mostly the ¢brous aggregation. The inclining trace of the
sample with NaCl was saturating at about 3 h of incubation
time (Fig. 5, thin solid line). A slight positive slope of the
trace for the sample without NaCl (dotted line in Fig. 4)
may have originated from a slight amount of aggregation or
some hydrolysis reaction.
To estimate the amount of the generated heat speci¢c for
the salt-induced aggregation, the data of [protein (+) NaCl
(3)] in Fig. 5 was subtracted as a reference from that of
[protein (+) NaCl (+)] and the resultant could be ¢tted well
with an exponential function. The area between the two data
traces gives estimates for the heat generated by the ¢brous
aggregation. Assuming that 15^20% of the total protein forms
¢brous aggregates (inferred from the inset of Fig. 2) and after
a minor correction of baseline, an estimate of the generated
heat was 2.6^3.6 mcal/mg protein. This value is very close to
that reported for amyloid formation of L25^35 peptide (V2.8
mcal/mg peptide [36]). A decay time constant of the trace of
heat, which is equivalent to the time constant of the ¢brous
aggregation process, was 47 min in the present condition. This
time course followed by calorimetry is parallel to that of the
change in CD spectra (¢lled symbols in Fig. 1B).
3.5. Mechanism of amyloid-like aggregation of monellin
The ¢brous aggregates of monellin presented here are amy-
loid-like with respect to the solid ¢brous shape with V10 nm
width, ability to bind to Congo red and heat generation equiv-
alent to the case of L25^35 peptide. As far as we know, this is
the ¢rst report of amyloid-like ¢brous aggregation of a plant
protein, and strongly supports the view that amyloid-like ag-
gregation is a universal phenomenon observed in a very wide
range of protein species [21,22], although the term ‘amyloid’
has not been well de¢ned so far. The ¢ber formation of the
present case could be controlled with NaCl. Considering the
e¡ective concentration range of NaCl (9100 mM) at low pH,
the most plausible mechanism of the salt-induced process is
neutralization of positively charged residues on the protein
chain. Reduction of electrostatic repulsive force among the
denatured molecules accelerates to form assembly of the mol-
ecules. Molecular mechanisms that force the aggregate to be
well-ordered into regular ¢bers are not known at present. It
has often been argued that amyloid ¢bril is formed via a
partially unfolded state of protein [7,15], but we did not ob-
serve any NaCl-induced accumulation of the intermediately
denatured states (studied by CD, NMR and SAXS; data
not shown). Di¡erential roles of dissociated A and B chains
of monellin in forming the ¢bers have not been clari¢ed yet,
either. Further studies should be targeted to the structure of
the aggregates of monellin. A good aspect of the present case
is that various physical techniques can be applied, among
which the calorimetric method is very useful to monitor ki-
netics of the aggregation sensitively and quantitatively. We
expect that understanding of amyloid-like aggregation will
proceed by comparing the present case with the other cases.
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